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AN EXPERIMENTAL INVESTIGATION OF BLUFF BODY WAKE 
CONTROL 
SUMMARY 
Influence of attached splitter plates on near wake of a circular cylinder is 
experimentally investigated by determining time dependent velocity fields around the 
cylinder via Digital Particle Image Velocimetry (DPIV). A three dimensional 
approach is employed and effect of equally spaced attached splitter plates at the 
centerline of the cylinder along its span is considered. The width of the spliter plate 
is kept equal to the diameter of the cylinder D. Experiments are carried out for two 
different values of spacing between consecutive plates along the span, i.e 1.5D and 
3D. The splitter plate lengths of L=D, 1.5D and 2D are investigated. The near wake 
vorticity patterns are determined at three spanwise planes, x=0, D/2 and λ/2  and are 
compared to examine the three dimensional character of the wake under the 
influence of the splitter plate for six different Re numbers in the range extending 
from 200 to 1000. Experiments were performed in a large-scale water channel with 
cross-sectional dimensions of 1010mm×790mm.at the Trisonic Laboratory of the 
Faculty of Aeronautics and Astronautics of the Istanbul Technical University.  
This extensive investigation has shown that the variation along the span of the 
formation length LF/D differs depending on the splitter plate periodicity λ/D and Re 
number. Despite these variations St number shows an invariance along the span. This 
implies that the correlation length of the vortices along the span is higher than the 
periodicity (λ/D) of 2.5 and 4 imposed by means of the splitter plates located along 
the span. 
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KÜT CİSİM İZ BÖLGESİNİN DENEYSEL OLARAK İNCELENMESİ 
ÖZET 
Dairesel bir silindirin ardına eklenmiş ayırıcı bir levhanın silindir iz akışına etkisi  
Optik olarak parçacık izleyerek hız belirleme (Digital Particle Image Velocimetry -
DPIV) tekniği kullanılarak deneysel olarak incelenmiştir. Üç boyutlu bir yaklaşım 
ile, merkez çizgisine, açıklığı boyunca eşit aralıklarla yerleştirilmiş, ayırıcı levhaların 
silindirin yakın iz bölgesine etkisi gözlenmiştir. Ayırıcı levhaların genişliği silindir 
çapına (D) eşit alınmıştır. Deneyler, ayırıcı levhaların açıklık boyunca aralarındaki 
mesafenin iki farklı değeri, 1.5D ve 3D için yapılmıştır. Ayırıcı levha uzunluğunun 
üç farklı değeri, L=D, 1.5D ve 2D göz önüne alımıştır. Yakın iz vortisite dağılımları 
açıklık boyunca silindir eksenini dik olarak kesen üç ayrı düzlemde, x=0, D/2 ve λ/2, 
200-1000 Reynolds sayısı aralığında 6 farklı Re sayısı için elde edilmiş ve iz akışının 
üç boyutlu yapısını incelemek üzere birbirleri ile kıyaslanmıştır. Deneyler, İstanbul 
Teknik Üniversitesi Uçak ve Uzay Bilimleri Fakültesi Trisonik Laboratuarında 
kapalı devre büyük ölçekli su kanalında gerçekleştirilmiştir. Su kanalının deney odası 
kesit ölçüleri 1010mm×790mm dir. 
Bu ayrıntılı çalışma, vortex oluşum uzaklığı LF/D’nin ayırıcı levha periyodikliği λ/D 
ve Re sayısı ile farklılık gösterdiğini ortaya koymaktadır. Ancak, oluşum 
uzaklığındaki bu değişimlere karşın, vorteks oluşum frekansı St açıklık boyunca 
değişim göstermemektedir. Bu da, ayırıcı levhasız silindirin ardında oluşan 
vortekslerin korelasyon uzunluğunun, açıklık boyunca yerleştirilen ayırıcı levhalar 
ile empoze edilen λ/D=2.5 ve 4 dalga boyundaki periyodiklikten büyük olduğunu 
ima etmektedir. 
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1. INTRODUCTION 
Controlling the near-wake of bluff bodies is an important problem in many 
engineering applications. When a bluff structure is exposed perpendicularly to a flow 
boundary layers developing on its surface separate and interact with each other to 
create alternate shedding of vortices from upper and lower separation lines. Unsteady 
pressure field associated with this unsteady vortical flow results in unsteady lift and 
drag forces acting on the body. Provided that the damping is low enough, 
coincidence of forcing frequency with one of the structural frequencies of the body 
cause resonant, self-induced vibrations which eventually lead to a catastrophic failure 
of the body. 
It is well known that in flows where Reynolds number exceeds approximately 40, the 
wake of a bluff body is characterized by unsteady vortical flow structures or vortices. 
These vortices shedding alternately from the upper and lower sides of a bluff body 
with a certain phase difference between them closely interact with vibrations of the 
body. It is therefore necessary to understand the vortex dynamics involved in the 
wake flow in order to understand the fluid-structure interaction.  Thus, the main aim 
of the researchers in this field has been to understand the wake vortex dynamics and 
to investigate methods of controlling the unsteady aero/hydrodynamic forces 
imposed on bodies. Special importance has been given to the control the near wake 
by some active and passive means and thus to obtain a reduction of drag and flow-
induced vibrations as demanded in a variety of engineering applications. 
 
Among several other passive control methods such as bleed of fluid into the base, 
regularly or irregularly placed surface protrusions, placing an attached or detached 
splitter plate into the wake is known to provide an effective means of wake control. 
The passive control of wake from a circular cylinder by means of a splitter plate 
either attached to the base of the cylinder [1]or placed downstream of the cylinder 
[2,3,4] has been extensively studied.  
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However, almost all the related studies in the literature omits the three-dimensional 
nature of nominally two-dimentional bodies such as the circular cylinder. It known 
from previous studies that the flows behind a bluff body such as a circular cylinder 
demonstrate three dimensional flow characteristics even for low Reynolds number. 
Therefore it is especially important to understand the three dimensional vortex 
shedding characteristics in the wake region of bluff bodies. 
The present study focuses on the near wake modifications of a circular cylinder 
brought about by the presence of periodically attached splitter plates along its span. 
In doing that, an experimental investigation via Digital Particle Image Velocimetry 
(DPIV) has been carried out in a water channel located at the Trisonic Laboratory of 
the Faculty of Aeronautics and Astronautics. The width of the splitter plates attached 
to the base is the same as the diameter of the cylinder D. Two different values of 
interval between consecutive plates along the span, namely 1.5D and 3D; and, three 
different values of splitter plate length, D, 1.5D and 2D are considered. 
Measurements are done for six different Reynolds numbers, Re=200, 300, 400, 500, 
750 and 1000 based on the diameter of the cylinder. To examine the flow structure 
and vortex shedding characteristics along the span measurements are taken at three 
different spanwise locations. Therefore this extensive study covers 108 DPIV 
measurements altogether.  
Following a brief literature survey and description of experimental setup, 
instantaneous vorticity contours and streamline patterns in the near-wake in addition 
to the frequency and formation length of the vortices as function of the parameters 
indicated above are discussed to reveal the effect of periodically placed splitter plates 
on the near wake of the circular cylinder.  
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2. LITERATURE REVIEW 
Due to its practical importance in many engineering fields, control of bluff body 
wake flows has always attracted attention of researchers. Consequently, several 
methods for wake control have been introduced in the literature. These methods that 
can be grouped into two categories as passive and active control aid engineer’s 
attempt to control the unsteady drag and lift forces acting on the body in order to 
avoid structural failures [1]. Passive control methods rely on modifications of either 
the surface or the near wake flow field of bluff bodies by some passive means. Since 
they are relatively more simple and cost-effective, they have been studied more than 
active control techniques. 
Large number of studies in the related literature provide valuable insight into the 
variations of near-wake characteristics such as the shedding frequency and formation 
length of vortices as well as flow structure brought about by presence of a splitter 
plate placed downstream of bluff bodies. In these studies, among various bluff body 
shapes circular cylinder has reveived the primary attentian due to its practical 
importance. 
Roshko’s pioneering work [2] showed that the effectiveness of the splitter plate 
placed behind a bluf body in modifiying the formation and shedding frequency of 
vortices is directly related with the presence of low pressure region at the base of the 
body. Depending on the distance between the body and the splitter plate downstream 
the vortex formation differs. If this distance is smaller than a critical value rolling up 
of the shear layers from the cylinder into vortices is delayed until after the splitter 
plate. Gerrard [3, 4] showed the vortex formation region elongates in the presence of 
a splitter plate behind a circular cylinder and two different modes of shedding take 
place depending on the splitter plate length and its distance from the cylinder. 
Existence of various modes of vortex formation based on the splitter plate length are 
also shown by other researchers. Bearman [5], Apelt et al. [6,7] by studying the 
influence of splitter plate length on the drag coefficient of a cylinder showed the 
delay of vortex formation and thus stabilization of wake flow with a short splitter 
plate. On the other hand, the long plates inhibit the interaction of upper and lower 
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shear layers from the cylinder and thus their roll-up into vortices behind the cylinder 
but the shear layers still show existence of instabilty. Using a long splitter plate, Unal 
and Rockwell [8] showed that for a short enough distance between the cylinder and 
the plate tip there is indeed an inhibition of large scale vortex formation but 
instability of shear layers are always present. Besides, Nakamura [9] showed that 
shear layers, interaction of which are inhibited by a long splitter plate, become 
unstable (termed as ‘‘impinging shear layer instability’’) by action of flow behind the 
splitter plate and give rise to vortices. Mısırlıoglu et al [10] numerically studied the 
effect of a splitter plate length on vortex formation from a circular cylinder by 
identifying variaitons in the vortical structures depending on the plate length. For a 
range of moderate Re numbers Anderson and Szewczyck [11] studied the influence 
length of splitter plates on the vortex formation from a cylinder. They showed that 
for splitter plates shorter than the diameter of the cylinder D, cross-talk of shear 
layers can not be inhibited and thus vortices form close to the cylinder base; 
however, for a short plate of length D, interaction of shear layers from the cylinder is 
delayed until after the splitter plate. Other studies by various authors also indicate 
that the optimal length of a splitter plate for an effective modification of near wake is 
the same as the characteristic dimension D of the bluff body.  
More recently, Cruz et al [12] investigated the flow modifications caused by a short 
splitter plate symmetrically placed at various locations behind a half cylinder. Proper 
orthogonal decomposition of PIV measurements allowed spatial and temporal 
organization in the vortex formation zone depending on the vertical distance between 
the plate and the cylinder. They proposed different kinds of coherent structures 
depending on whether the interaction of the shear layers from the cylinder is 
inhibited by or the shear layers interfere with the splitter plate. 
Ozono[13], experimentally demonstrated that in additional to the symmetric 
arrangement, asymmetric arranged splitter plates behind a cylinder can suppress the 
vortex shedding. 
In the above cited studies, with the exception of that done by Anderson and 
Szewczyck [11] the cross-sectional, two-dimensional flow field receives the 
attention. However, three-dimensional aspects of flow control deserves attention due 
to the fact that the shear layer evolution from nominally two-dimensional bluff 
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bodies is in fact three-dimensional even for low Reynolds numbers, of the order of 
few hundred [14,15,16]. 
The first three-dimensional transition in the wake of a circular cylinder, referred to 
by Williamson [16]as mode A, occurs at a Reynolds number near Re = 194. Mode A 
appears as a waviness of the spanwise vortices with a wavelength of around 3-4 
diameters and is characterized by the formation of vortex loops that connect the 
spanwise Karman vortices. The formation of mode A results in a sharp drop in the 
Strouhal number as well as a drop in the base suction which leads to a drag 
reduction. As the Reynolds number is further increased the wake becomes unstable 
to another type of three-dimensionality known as mode B at Re = 230-250. This 
mode has finer-scale streamwise vortices with a smaller wavelength, usually of the 
order of one diameter. There is now excellent agreement between computations and 
experimental measurements of the critical wavelength and Reynolds number [16, 
17]. Another three-dimensional instability, mode C, has been proposed by Zhang et 
al. [18] for Re = 170-270 with an intermediate wavelength of 1.8 diameters. The 
numerical simulations of Zhang et al. [18] show that this mode C appears only in the 
presence of an interference wire placed close to and parallel to the cylinder axis. It 
therefore seems that by externally forcing the wake, other three-dimensional 
instabilities can be excited.  
In view of three-dimensional nature of wake from bluff bodies, recent studies aim to 
modify the wake by three-dimensional surface modifications across the span. 
Bearman and Tombazis [19] carried out wind tunnel and water flume experiments on 
a number of bluff body models, each with a nose in the shape of a half ellipse and 
with a blunt trailing edge which was either straight or in the form of a sinusoidal 
wave and obtained about 34% drag reduction at Re = 40,000 by employing a wavy 
trailing edge. They indicated that at that high Reynolds numbers departures from 
two-dimensionality in vortex shedding from a nominally two-dimensional body 
appear to occur randomly in time and space. However, they observed that the 
introduction of a spanwise waviness at the trailing edge fixed the positions of these 
vortex dislocations along the span of the body, and that encouraging the formation of 
dislocations in the wake reduces the drag.  
More recently Bearman & Owen [20] continued the above work but this time applied 
the waviness at the leading edge only for rectangular cross-section bodies. Wavy flat 
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plates were also investigated. They observed that a mild disturbance (wave steepness, 
i.e. peak-to-peak wave height (w) divided by the wavelength (λ) of only w/λ = 0.06 
and 0.09) resulted in the complete suppression of vortex shedding and substantial 
drag reduction of at least 30% at a Reynolds number of 40x103 (the non-dimensional 
wavelength was equal to 5.6). Also, a large variation in the wake width across the 
span was reported.  
Ahmed et al. [21] investigated the wake behind a wavy cylinder which has sinusoidal 
cross-sectional area variation along its span. He focused on the topology of boundary 
layer separation and turbulence structure without discussing the drag reduction. 
Recently, Lam et al. [22] experimentally investigated the near wake of a wavy 
cylinder with LDV measurements and numerical simulation. They mentioned that the 
wavy geometry has important roles in drag reduction and vortex shedding 
suppression.  
Lee and Nguyen [23] experimentally investigated the three-dimensional wake behind 
a wavy cylinder having sinusoidal cross sectional area variation along its span. They 
employed two different cylinders having wavelength of λ/D = 1 and 2 with wave 
steepness of w/λ=0.2 and 0.1 respectively, and compared the visualized flow 
structures behind the cylinder by smoke-wire and the particle tracing methods with 
those for a smooth cylinder having the same mean diameter. The sinusoidal cylinders 
reduce drag coefficient, compared with the smooth cylinder. The sinusoidal cylinder 
with λ /D = 2 reduces the drag coefficient about 22% at Re=104. The wake structure 
varies periodically along the spanwise direction. In the saddle plane (i.e. section 
having the minimum diameter), the wake has larger velocity deficit and narrower 
wake width, compared with those in the nodal plane (i.e. section having the 
maximum diameter) and smooth cylinder. As the flow goes downstream, the flow in 
the saddle plane expands laterally due to entrainment of large amount of ambient 
fluid. However, the flow shrinks and accelerates in the nodal plane. The vortex 
formation length for the sinusoidal cylinders is longer than that of smooth cylinder. 
The elongation of vortex formation length also leads to reduction of drag. The size of 
this dead zone is decreased as the Reynolds number increases. The streamwise 
vortices begin to appear at about a cylinder diameter D downstream. For the 
sinusoidal cylinder of λ/D=2, the large-scale vortices show more active three-
dimensional flow motion, compared with model having λ/D=1 and the smooth 
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cylinder. Generation of secondary vortices makes the separated turbulent shear layer 
behind the cylinder more complicated. In addition, the vortex formation region 
behind model having λ/D=2 is distinctively longer than those of model with λ/D=1 
and the smooth cylinder. This results from the elongation and three-dimensional 
dislocation of large-scale vortices due to the sinusoidal geometry of the cylinders. 
It is apparent from the above summarized review of studies in the field of control of 
bluff body wakes via surface modifications, modification of body geometry by 
means of periodically attached splitter plates along the span of the body has not been 
considered before. The most related study in the literature is due to Anderson and 
Szewczyk [11]. Based on the time-averaged near wake measurement along the span 
of a circular cylinder, they found no indication of the presence of a sinuous trailing 
edge splitter plate attached to base of the cylinder. 
The objective of this study is to shed light on if and how the near-wake vorticity field 
and the vortex shedding characteristics vary depending on the Re number and the 
periodicity, i.e. the distance between the consecutive splitter plates along the span of 
a circular cylinder. It is of interest to find out what happens if the periodicity of the 
imposed three-dimensionality by means splitter plates is close to the wavelength of 
the naturally evolving three-dimensionality of separated layers along the span.  
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3. EXPERIMENTAL SETUP 
3.1 Water Channel 
Experiments were performed in a Large Scale Water Channel (LSWC) at Trisonic 
Laboratory of the Faculty of Aeronautics and Astronautics of the Istanbul Technical 
University (Figure 3.1: Water Channel). The water channel has a settling reservoir, 
honeycomb-screen arrangements, and a planar contraction preceding the main test 
section of the channel, in order to maintain low turbulence intensity. The cross-
sectional dimensions of the main test section are 1010mm (width)×790mm(height). 
 
Figure 3.1: Water Channel 
 
The sidewalls of the test section are constructed from Plexiglass which allows the use 
of laser based techniques as PIV and LDA. 
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3.1.1 Flow Speed Measurement 
Free-stream velocity measurements were accomplished by the use of PIV system, 
Table 3.1 shows the corresponding free-stream velocity and motor rpm at 710mm 
water depth. Reynolds Number is based on the diameter of the cylinder (D=30mm). 
Table 3.1: Flow Speeds of Channel 
Red  U (m/s)  Motor RPM 
200  0.0067  61.8 
300  0.01  98.4 
400  0.0133  135 
500  0.0167  171.6 
750  0.025  263.2 
1000  0.0333  354.8 
3.2 Models and Mounting 
Experimental models are circular cylinders with splitter plates attached to their basis 
along the span with certain periodicities. 
3.2.1 Models 
Test models are composed of two Plexiglas parts, one of them being a circular 
cylinder and the other is a plate. A slot along the span of the cylinder has been cut 
out and a 2mm-thick-plate having the shape shown in Figure 3.2 is inserted to that 
slot and glued (Figure 3.2). Several models with different length and spacing of 
splitter plates along the span have been manufactured (Figures 3.3 and 3.4). 
 
Figure 3.2: Parts of model 
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Figure 3.3: Models with measurement planes x=0, D/2 and λ/2, for λ=2.5D 
 
 
Figure 3.4: Models with measurement planes x=0, D/2 and λ/2, for λ=4D. 
 
The surface of the model was painted black except the planned illumination 
(measurement) planes in order to reduce the interference of cylinder image with the 
particle images on the end view (Figure 3.5). 
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Figure 3.5: Various models with black paint 
3.2.2 Mounting 
The test model was mounted in a horizontal cantilever holder as shown in Figure 3.6. 
This alignment was chosen in order to have a clear vision for the camera. The holder 
was made up of aluminum in order to prevent oxidation and corrosion, also the other 
joiner screws, bolts and nuts are all stainless steel and brass. 
 
Figure 3.6: Model mounted on cantilever holder with end-plates 
In order to reduce the end effects, end plates were attached to the cylinder ends, 
which are also manufactured from transparent Plexiglas using a 3-axis CNC at the 
Trisonic Laboratory. Figure 3.7 shows the dimensions of the model and the end 
plates.  
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Figure 3.7: Dimensions of the model and the end-plates 
3.3 Laser and Camera 
Quantitative flow images are captured and processed by a Digital Particle Image 
Velocimetry (DPIV) system. 2 Redlake Megaplus ES 1.0 8-bit camera with 
1008H×1016V pixel resolution and 15Hz double frame rate is used for image 
acquisition. 
 
Figure 3.8: DPIV System arrangement 
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The flow is illuminated by a New Wave Solo PIV 120 dual cavity Nd:Yag Laser, 
each cavity providing 15Hz repetition rate. The maximum output energy is 120mJ 
per pulse at 532nm wavelength for pulse duration of 3-5ns. Cylindrical lens is used 
for generating the laser sheet out of laser beam to investigate the region. 
During the experiments, accurate positioning of the camera is a primary requirement. 
This is satisfied by using 41T85 Traversing controller with 3 axis positioning control 
which is schematically shown in Figure 3.8. Traversing mechanism is controlled by a 
user interface in the computer which sends commands to the controller unit of the 
traversing system by RS232 connection [24]. 
3.4 Seeding 
The water was seeded with silver coated hollow glass spheres(S-HGS) of 10 µm 
diameter. Approximately 50 particles per one interrogation area were thought to be 
sufficient for a “high density” seeding. This is ensured by counting the particles 
manually from computer screen. 
It should be noted that homogeneous distribution of the particles within the flow is of 
crucial importance in order to obtain a good quality PIV data. For this reason, after 
enough amount of S-HGS is added to LSWC, the channel is run for some time at 
high speed before data acquisition. 
3.5 Data Acquisition 
Synchronization and physical communication of the laser, camera and PC are 
provided by Dantec 2100 System Hub. Onboard 1.5GByte LifoBuffer enables to 
record 700 images at a single burst. 
3.6 Post Process 
In order to enlarge the field of view, two cameras were used and 350 images were 
taken from each. An in-house MATLAB code was used to stitch the images, cross-
correlation technique used to get the vector field, range validation and average filter 
is used to obtain a clear data and afterwards vorticity and streamlines are calculated 
by Flow Manager Software and exported directly to Tecplot for scalar map plotting. 
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3.6.1 Image Stitching 
Although two identical cameras were used for image capturing, there has seen 
orientation problems that make stitching the two images impossible without 
additional process. An in-house MATLAB code having the ability of resizing, 
rotating and translating images by using two common points on each image was 
written [25]. These abilities are proved to be performing flawless with large number 
of perfect repetitions as exemplified in Figures 3.9 and 3.10. 
 
 
Figure 3.9: Images from Camera1 and Camera2 
 
Figure 3.10: Merged Image with in-house code 
3.6.2 Cross-Correlation 
Images have been interrogated using a double frame, cross-correlation technique 
with a window size of 32×32 pixels and 50% overlapping in both direction. For each 
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case, approximately 114x66 (7524) vectors have been acquired on an 1831x1070 
pixel field.  
3.6.3 Velocity Range Validation 
Velocity-Range Validation rejects vectors, which are outside a certain range [26]. 
The vectors are ensured not to be exceeding 3 times the velocity of freestream for 
each case and Re. 
3.6.4 Average Filter 
This filter substitutes each vector with the uniformly weighted average of the vectors 
in a neighbourhood of a specified size. Average filter has been performed for a 5x5 
neighbourhood of vectors. Post processing sequence is shown in Figure 3.11. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: Diagram showing the post processing sequence 
 
 
Merged Image 
Mask and Range Validation 
Average 
Filter 
Vorticity Plots 
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4. RESULTS AND DISCUSSIONS 
Effects on the near-wake of the cylinder of periodically attached splitter plates along 
its span are discussed below in terms of the near wake characteristics, i.e. formation 
length and frequency of vortices shedding from the cylinder as well as the associated 
vertical flow field behind the cylinder.  
4.1 Vortex formation length variation 
There are several definitions of the length of the vortex formation region. Bloor 
defined the end of the vortex formation region as the location after which oscillating 
wake characteristics are observed [27]. Gerrard defined it as the location at which 
fluid from outside the wake first cross the wake axis and determined it by measuring 
streamwise turbulence intensity along the wake centerline using I-type hot wire [3]. 
The formation region is influenced by two vortices, one from the upper side of the 
cylinder and the other from the lower side. Therefore, at the end of the vortex 
formation, the rms velocity fluctuations have a maximum value at the vortex 
shedding frequency [23]. A common way to estimate vortex formation length is to 
measure velocity fluctuations along the centerline of the near wake and to find the 
position where these fluctuations are a maximum. 
Herein, the length of vortex formation region is determined from the velocity field 
measurements by means of DPIV. Streamlines corresponding to time averaged 
velocity fields within certain number of vortex shedding periods are constructed, and, 
the vortex formation length is defined as the distance from the base of the square 
cylinder of the saddle point on the wake centerline. Figure 4.1 show the saddle points 
in the spanwise plane x=0 (i.e. the measurement plane passing through center of a 
splitter plate) as function of splitter plate length L/D and Re number for splitter plate 
periodicity λ/D=2.5 and 4 respectively. Equivalently, one may determine the mean 
velocity variation along the centerline and mark the point at which the velocity 
experiences a change from negative to a positive value,  
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Figure 4.1: Variation of LF/D with Re number at different spanwise planes 
depending on the splitter plate length L/D for λ/D = 2.5 
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Figure 4.2: Variation of LF/D with Re number at different spanwise planes 
depending on the splitter plate length L/D for λ/D = 4 
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i.e. where the mean velocity variation curve crosses the centerline. Figure A.3 and 
Figure A.4 show these crossing points in the spanwise plane x=0 as function of 
splitter plate length L/D and Re number for splitter plate periodicity λ/D=2.5 and 4 
respectively. It should be noted that in addition to the spanwise plane x=0, streamline 
patterns and mean velocity variations along wake centerline are obtained for the 
spanwise (measurement) planes but not given in this thesis for the sake of brevity. 
Figures 4.1 and 4.2 show the variation of vortex formation length LF/D with Re 
number, for splitter plate lengths L/D=1, 1.5 and 2 at the spanwise planes x=0, D/2 
and λ/2, when the splitter plate periodicity is λ/D=2.5. The variation of LF/D with Re 
for the reference case of plain circular cylinder (i.e. circular cylinder without splitter 
plate) is also shown in these figures for comparison. The vortex formation length for 
the reference case increases with increasing Re number, attains its maximum value at 
Re=750 and then decreases when Re is increased to 1000. 
Variation of LF/D with Re number differs depending on the splitter plate periodicity 
λ/D. In the case of λ/D=2.5, for the splitter plate length L/D=1, variation of LF/D 
with Re in the spanwise plane passing through middle of splitter plate, i.e. x=0 shows 
only a small deviation from that of the reference case (Figure 4.1). However, at 
Re=500 and 750, LF/D values in other spanwise planes x= D/2 and λ/2 vary 
appreciably from those in x=0 plane and are larger. On the other hand, when the 
splitter plate periodicity (λ/D) is 4, for the same splitter plate length L/D=1, LF/D vs. 
Re variation do not differentiate from one spanwise plane to another and follows the 
same variation as the reference case of plain cylinder. 
For other splitter plate lengths L/D=1.5 and 2 the formation length is always longer 
than that of the reference case  regardless of Re number and the splitter plate 
periodicity λ/D. However, the case of L/D=1.5 differs from that of L/D=2: There is a 
common formation length LF/D value in the spanwise planes x=0 and D/2 at each Re 
number and this common value is larger than that in x= λ/2.  In other words, LF/D is 
at a constant value over the span of a splitter plate including its streamwise edge; the 
formation length shortens between the splitter plates. At this point, it should be noted 
once more that just the reverse happens for λ/D=2.5 and L/D=1, i.e. the formation 
length is shortest at the middle of a plate (Figure 4.1). 
As regard with the variation of LF/D with Re number depending on the plate length 
L/D Figure 4.3 shows that at each Re number, the plate length L/D=1 do not cause an  
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Figure 4.3: Variation of LF/D with Re number at spanwise plane x=0 for different 
splitter plate lengths L/D depending on λ/D = 2.5 (top), λ/D = 4 (bottom) 
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appreciable variation with respect to the reference case but increasing plate length 
leads to an increase in the formation length. 
The described variation of the formation length LF/D with the length L/D and 
periodicity λ/D of splitter plate and Re can be followed from the instantaneous 
constant vorticity contours shown in Figures A.5-A.12. 
4.2 Strouhal number variation 
To obtain the non-dimensional vortex shedding frequency, i.e. St number (f.D/ U∞), 
variation of velocity with non-dimensional time (t.U∞/D) at points P1 and P2 in the 
near wake region is deducted from DPIV images for all the parameters of the study, 
i.e. Re number, splitter plate length L/D, splitter plate periodicity λ/D, and for all the 
spanwise planes x=0, D/2 and λ/2. Figures B.1 through B.4 show the velocity 
variation in time for only two different Re numbers, Re=300 and 750 at points P1 
and P2 in the spanwise plane of x=0. The variations for other Re numbers and for 
other spanwise planes are not given here for brevity. 
For the plate periodicity λ/D=2.5, despite the above described variation of the 
formation length LF/D with respect to both the spanwise plane and the splitter plate 
length, St number variation with Re number is insensitive to the splitter plate length 
L/D especially in the Re number range from 400 to 1000, and practically do not 
differ from one spanwise plane to another excluding Re=200 (Figure 4.4). 
The insensitiveness is also valid for the plate periodicity λ/D=4 (Figure 4.5). 
However, corresponding to the above mentioned relatively longer formation lengths 
with respect to the reference case for all the Re numbers, St number values are lower 
as compared with those of the reference case at each Re number. Relatively higher St 
number values at Re=200 and 400 for the splitter plate length L/D=1 constitutes an 
exception. As well known from previous studies, in a two dimensional approach to 
the wake of bluff bodies smaller St number is associated with longer formation 
length LF/D.  
The inverse proportionality between the St number and the vortex formation length is 
also evident in Figure 4.6, where the variation of vortex formation length LF/D with 
Re number in the spanwise plane x=0 is given as function of the plate length L/D. 
Corresponding to relatively longer formation lengths with respect to the reference  
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Figure 4.4: : Variation of St number with Re number at different spanwise planes 
depending on the splitter plate length L/D for λ/D = 2.5 
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Figure 4.5: Variation of St number with Re number at different spanwise planes 
depending on the splitter plate length L/D for λ/D = 4. 
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case for λ/D=4, St number values are smaller (Figures 4.3 and 4.6). Interesting is the 
fact that, for λ/D=2.5, to a similar variation of vortex formation length, i.e. longer 
LF/D in comparison to the reference case, corresponds almost exactly the same St 
number variation as in the reference case (Figures 4.3 and 4.6). For λ/D=4, St 
number values for the cases of cylinder with splitter plate measured at the mid span 
of splitter plate, i.e. at x=0, are always smaller than the no-plate value for Re≥400. 
This is in agreement with the trend indicated by Gerrard [3] but not in agreement 
with that by Anderson and Szewczyk[11]. 
Most importantly, above demonstrated invariant St number along the span of the 
cylinder implies that the correlation length of the vortices along the span is higher 
than the periodicity (λ/D) of 2.5 and 4 imposed by means of the splitter plates located 
along the span. Anderson and Szewczyk[11] reported a similar finding for a circular 
cylinder having a sinuous trailing edge splitter plate with wavelength 3D.  
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Figure 4.6:  Variation of St number with Re number at spanwise plane x=0 for 
different splitter plate lengths L/D depending on λ/D = 2.5 (top), λ/D = 4 (bottom). 
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5. CONCLUDING REMARKS 
This extensive investigation has shown that the variation along the span of the 
formation length LF/D differs depending on the splitter plate periodicity λ/D and Re 
number. Despite these variations St number shows an invariance along the span. This 
implies that the correlation length of the vortices along the span is higher than the 
periodicity (λ/D) of 2.5 and 4 imposed by means of the splitter plates located along 
the span. 
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APPENDIX A 
 
Figure A.1: Streamlines at different values of Re, L/D for λ/D=2.5. 
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Figure A.2: Streamlines at different values of Re, L/D for λ/D=4. 
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Figure A.3: Variation with Re number of mean streamwise velocity along wake 
centerline depending on attached splitter plate length L/D=1, 1.5, 2 (2nd, 3rd and 4th 
columns respectively) in the spanwise location of x=0, with spanwise spacing 
λ/D=2.5. Reference case in the 1st column is given for comparison.  
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Figure A.4: Variation with Re number of mean streamwise velocity along wake 
centerline depending on attached splitter plate length L/D=1, 1.5, 2 (2nd, 3rd and 4th 
columns respectively) in the spanwise location of x=0, with spanwise spacing λ/D=4. 
Reference case in the 1st column is given for comparison. 
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Figure A.5: Instantaneous vorticity contours behind cylinder with splitter plate 
length L/D=1 and spanwise spacing λ/D=2.5 at spanwise locations x=0 (2nd 
column), x=D/2 (3rd column) and x= λ/2 (4th column) for different Re numbers. 
Vorticity contours for plane cylinder (1st column) are given for comparison. 
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Figure A.6:  Instantaneous vorticity contours behind cylinder with splitter plate 
length L/D=1.5 and spanwise spacing λ/D=2.5 at spanwise locations x=0 (2nd 
column), x=D/2 (3rd column) and x= λ/2 (4th column) for different Re numbers. 
Vorticity contours for plane cylinder (1st column) are given for comparison. 
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Figure A.7: Instantaneous vorticity contours behind cylinder with splitter plate 
length L/D=2 and spanwise spacing λ/D=2.5 at spanwise locations x=0 (2nd 
column), x=D/2 (3rd column) and x= λ/2 (4th column) for different Re numbers. 
Vorticity contours for plane cylinder (1st column) are given for comparison. 
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Figure A.8: Instantaneous vorticity contours behind cylinder with splitter plate 
length L/D=1 and spanwise spacing λ/D=4 at spanwise locations x=0 (2nd column), 
x=D/2 (3rd column) and x= λ/2 (4th column) for different Re numbers. Vorticity 
contours for plane cylinder (1st column) are given for comparison. 
 
37 
 
Figure A.9:  Instantaneous vorticity contours behind cylinder with splitter plate 
length L/D=1.5 and spanwise spacing λ/D=4 at spanwise locations x=0 (2nd column), 
x=D/2 (3rd column) and x= λ/2 (4th column) for different Re numbers. Vorticity 
contours for plane cylinder (1st column) are given for comparison. 
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Figure A.10:  Instantaneous vorticity contours behind cylinder with splitter plate 
length L/D=2 and spanwise spacing λ/D=4 at spanwise locations x=0 (2nd column), 
x=D/2 (3rd column) and x= λ/2 (4th column) for different Re numbers. Vorticity 
contours for plane cylinder (1st column) are given for comparison. 
 
39 
 
Figure A.11: Instantaneous vorticity contours behind cylinder at spanwise plane x=0 
for λ/D=2.5 as function of splitter plate length L/D=1 (2nd column), L/D=1.5 (3rd 
column) and L/D=2 (4th column) for different Re numbers. Vorticity contours for 
plane cylinder (1st column) are given for comparison. 
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Figure A.12:  Instantaneous vorticity contours behind cylinder at spanwise plane 
x=0 for λ/D=4 as function of splitter plate length L/D=1 (2nd column), L/D=1.5 (3rd 
column) and L/D=2 (4th column) for different Re numbers. Vorticity contours for 
plane cylinder (1st column) are given for comparison. 
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APPENDIX B 
 
 
Figure B.1:Velocity fluctuations in time at two probe locations P1 and P2 depending 
on plate length L/D=1, 1.5 and 2 at the spanwise planes x=0, D/2 and λ/2, for 
spanwise spacing of λ/D=2.5 and Re=300. 
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Figure B.2: Velocity fluctuations in time at two probe locations P1 and P2 
depending on plate length L/D=1, 1.5 and 2 at the spanwise planes x=0, D/2 and λ/2, 
for spanwise spacing of λ/D=2.5 and Re=750. 
 
 
43 
 
 
Figure B.3: Velocity fluctuations in time at two probe locations P1 and P2 
depending on plate length L/D=1, 1.5 and 2 at the spanwise planes x=0, D/2 and λ/2, 
for spanwise spacing of λ/D=4 and Re=300. 
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Figure B.4: Velocity fluctuations in time at two probe locations P1 and P2 
depending on jet spacing L/D=1, 1.5 and 2 at the spanwise planes x=0, D/2 and λ/2, 
for spanwise spacing of λ/D=4 and Re=750. 
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